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lxxist-squams  immrsion of  an  1  8-day SCqUCIICC? of delay-])opplcw raclar images

o f  ‘1’out,atis  yields a 160()-paramc4er  s h a p e  modcd aIId e s t i m a t e s  o f  the eight

p a r a m e t e r s  t h a t ,  c]efinc  the o b j e c t ’ s  lloll.-]~rillci]~al-:~xis  sp in  s t a t e .  ‘1’outatis  is

r o t a t i n g  in a  l o n g - a x i s  m o d e  Cllaracterizccl  by pcriocls  of 5.41 c l a y s  ( r o t a t i o n

a b o u t  ]ong ax i s )  and  7 .35  days  ( ave rage  fo r  long-ax i s  prcxwssion).  ‘J’he model>s

ra t ios  of m a x i m u m  a n d  intmm~cxliatc  t o  m i n i m u m  momcmts  of inertia are 3 . 1 9

and 3.01,  and its climensions  along  the principal  axes are 1,92,  2.40, and 4.60 k~n.

A]thougll  the asteroid appears cloul~le-lobed ill some orientations, its distributic)n

of volume along thc Illillill>lllll-illertia  axis is not bimoclal.  l’rc)mincmt t o p o g r a p h y

includes  maters and  r idges . l{;ither  the:  astmxjicl’s dcmsity  is }Iomogcncous  o r  i t s

inl]omogmeities  mimic t]le inmtia  tcmsor of a lIoInogcmeous  hoc] .y .
-...——. -——— .— ———-———.—— .———-. ——— —.—_— ..- —_—. _._—. _— _ .._. —— _ .—_—  — .

l{adar ll~msumnm]is  of tlIc  dist,rihtioll  of cxho ljowcr  ill Lil[)c dclay  (radial dishlcc)  aIId

I kq)])lm  frcqumtcy  (radial velocity) am a unique fycm Ilclbascxl  soumc  of fillc-resolutiol~  il!lagcx

of ltaltll-ol.bit-crc~ssillg  asteroids  (I{ XAS). II OWCVCI, a dc]ay-])o])p]e.r  ilr-lagc is a IIon-illtuitivc

pro jec t ion  aIId is subject to global  aliasillg.  (;olIscqucIItJy,  cxtrac.tioll  of all the il)formatiol]

col)tail)cd  ill suclI ill)agcs  rcquircx  tl)cir illvcrsioll  wit])  a colilprcllmlsivc  ])l)ysical II Iodcl. ‘J’llis
t

I)apcr  ~) IcscIIt,s  results of inverting ilnages  tlIat plact! lIUTIdIXXlS  of ])ixcls 011 t,lIc ItC/l 4] 79

‘J’oLlt~tis.  ‘J’]Ic Icsll]tillg 11-IOCIC], tllc JIIOSt  d e t a i l e d  l)llysical  c]lar~ictcrizatio]l  of  all I+WA to

date, reveals a geologic.ally COIII])lCX object ill al) cxtl  aordi)lary  Iotlatfioll  state.

l{mollslructio])  of an astcmicl’s  sllapc fro]]] clcla~-l)c)l)~)l[:l  i~nagys was f irst  acllicwcx{  fo r

tllc  IIX;A 4769 Castalia. (]) wllic}l  was  reso lved  i]lto a fcw doze II ])ixc]s  ])CI i]]lagc duril]g  a
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2.5-11 illlagillg  Scqucllcx!. l“or ‘1’ouhtis,  otxwwJtioIIs  dIIril Ig 18 coIIscc.utivc  daks iII lk. 1992

(2) placed lIuIIdrcds  to tl,ouszu,ds  of ~ixcls  *KX i*nagt  on tl,c target aIId, quite sur]Jrisi*]gly,

rcvcalcd ‘J’outatis  to bc i]] a llo)l])lillci~)al-axis  (NI’A)  sl)ill  state, a situatio])  Lllat dralnatical]y

coln])licatcx  the sllapc rcco I)shuction  process.

For the vast Inajoriiy  of solar systcxn objects tlIc  s])i]l  vcdor  W is co]lstal]t  and ]Iarallcl

to botlI  tllc angular  II)olnclltuln  vector 1, and tlIc  lllaxi 11111  II1-lllc]l)lcllt,  l)rillci}jal  axis of il]crtia

(tl Ic objcc.t’s  “slIort  axis”). IJOI SUCII })ri Ilc.ipal-axis  (1 ‘A) rotation) two collstal)t  allglcs  O al]d

gt fix ihc dircctiol] of tl)is rotatioII  ])oIc a n d  aIlothcr  a n g l e  qb =. (h /}’)t, wit]] 1’ the spill

~)criod, gives tllc rotation p}tasc. ‘1’hcsc threw ltulcr angles give tllc oriclltatioIl  of tJIc Lody

as a fuIlc.tfioll  of Lilnc (3).

h’cn a NI’A rotator, W is no~ ]mallcl  to 1, aJIcl

ilicrtial coordillatms.  MOICOVCI, all tJIrcc lIhIlcr  ang

1 is l~ot C.o]lstallt  ill citllcr l)ociy-fixed OI

t.s arc IIolllilicar  fullctiol)s  of tilllc.  ‘J’l Ic

s])i]t  vcct,or W is ~mriodic in a, body-fixed fralnc k)ut ~)ot, in all il]crt,ial fra]nc, and ill genera ]

tlIc  ol)jcct never rc~mats  ally givcll illcrtial oricIltati(JI].

l~or  all object with princi])al  Inolnmlts  of inertia 1,<> 1; > II, W]ICJT tllc subscripts refer to

slIoIt,  illtcrjncdiatc,  and ]ong axes, t,}Ic ]notio]l  is fully dct,c]l]lillcd  I)y s]mcifying  at soInc  tilllc

f,O the ini t ia l  c.onditiolls  00, d~o,$J, a]ld Wo. ]ntcgratioll  of l’;ulcI’s  cquatio]ls  t}ICII p r o v i d e s

4), O,@, and W as functions of time (3). Si]lcc those Cquatio))s dclmIId 011 t,l)c lnon]cllts  of

illmtia  oII]y throug]i  the latiOs  ]s/]1 and ~;/]~, a total of Cight ImraJIIctcIs  is IIccdc!d to fu]]y

s])cc,ify  a general s})i]) state. IIcrc wc Ic})o] t rccol}struction  of ‘1’outatis’  tllrcc-(lilllcllsiollal

sllapc a,lld s])i]l-state based on scvclltlccll  Goldstonc ‘(low’-rcsollltioll”  (0.5-/{s  X 0.1 117,) ilnagcs

fro] 11 )cc.. 2-18 and a si]lglc Arcxil)o  (0.2-/Ls  x O.OIY IIz)  ill]ap,c  fto]])  I)cc.. 1 9  ( 4 ) .
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lnvmsion  MctlIocl. IIcforc  i terat ive,  least-squam cstilllation  of tlIc  slla])c al]d rotatio)]

sta.tc  could bcgi]l, a  rcaso]lably  acc.ulatc sta]ti]ip;  l)c)i]lt  fo] seal cl]illg  this l a r g e  ])aralnctcr

sl)ac,c  l]ad to bc identified. CoI\vcllicIltly,  cacll ‘J’ouiatis image is I)ifurcatcd  into a lalgc 10I)c

and  a sIIIall  10IJC.  Wc cx])loitcd  this asylnlndry  and  f o u n d  that  2.5- kII~ a]ld 1.5-k]n sp}IcIcs

ill contact  gave a crude, qualitative ]c]]]cselltlatio]]  01 t}Icsc il IIagcs. ‘JIIIC I’;uIcI  al]glcs O and

+ tl,m,  orim]tcd  tlIc  z axis , tlIrouglI  tlIc  splIcIc’s  ccIItcrs,  wit]) rcs]mt  to ccli])tic  coordi]latm

as fu]lctio]]s  of ti]nc,  al]d tJIc l’;ulcr  a]lglc qb gave tl]c angula]  ]msitio]l  d tl]c  body about t,llis

axis.

For cad] fralnc, tllc oricntatio]]  of tl]is si]]]p]c  slla])c was csti]llatcd  ‘(by IIalld,”  with IIo

co]isidcration  of tllIC u]ldcrlyil]g  dyna]nics,  by obscrvi]  Ig tlIc  colr(~sI)()]I(lcIIcc  Lctwccll  obscIvccl

a]ld II Iodclcd  data. ]Iuc to tllc  SlIa})C)S Sy]I-IIIl CtIy al)out t,l Ic. 2 axis , no co]lstrailltls  could bc

])laccd  OII LIIc a]lglc  +, but tl]is ])roccss  did ])roducc  a series of coarse cstilnatcs  for O a]lcl @

ill cacl~ fra]llc.

Wc tJIc]I fit a spill sta,tc  to these a])proxil]latc  O aIId ~) values usiIlg;  tllc i]]crtia  tc]lsor  of

tllc two-s]  )hcrc  lIIodcl ill the illtcgratioll  of l’;ulm’s  ct]uat,iolls. W C took t,lIc initial tilllc iO to

bc 1992 l)cc.. 11 at 9:21 lJrl’C, iIl tllc ]nidcllc of the i]l]agc scqucIIcc,  wl~cII tllc  dIocs IIacl  tllc

s]]]allcst  ba]ldwidtll  a]]cl lJIc la[gcst  dday  dc])tll m e a s u r e d  dulillf, lkx.  2-19. As discussed

by Ostro d al.,  these two  co]lditions  i]nplied  that  tlI(:  lmtg axis was close to tllc radar li]lc of

sigl]t  (1, OS) aIld tl]at W -{ Wsky, with Ws.{}, tllc o}hital  colltlril~utfioIl  h tll]c  a~)])arc]lt  spill

vector, also was Ilcarly  ~)arallcl  to the 1)OS. ‘J’IIc rc+ultaut,  rather crude dcscril)tio]l  of the

rotai, ion stlatc  ])rovidcd  adequate initial collditliolis  for sili]ult(allcous  least-squams cstilllatioll

of tlIc  full set of paralncicrs  dcscribi]]p; tllc  astcroicl’s  slIapc,  radaI scattlcrillg  ])rolmtics,  and
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dyIlall)ics.  lbllmvillg  tllc al)~)Ioac}I used  for Casta]ia (1),  wc IIlillilrlizcd  all objcctivc function

of tllc forlll

!l(s,p,d) = ~2(s, p,cI) I IOm(s)

-1 IO%J(S, d)  -1 IOfl%’(s)

-+ 1 o%)(d) (1)

Wllclc t,llc  Vcc.tols  s, }), ‘and d Clcllotc!  tllc! Shape, ~(~)llotc)ll lctri(,’” aIld dylla]nica]  ])aralnctcrs

of tllc  lIIodcl; X2 is tlIc  least-squares good  IIcss-of-fIt IIlcasulc; aIId A(s), Jl(s,  d), C(s), and

l)(d) arc])c])altyf~lllctiol]s.

M~c Inoclclml  tl]c{liflclc:l]  tialla{lalclo ssscctiol)()~  tl]csurfacc (5) a s

00 = pcos’Li (2)

wit]] i t)llc al]glc  of incidcmcc,  p tllc ]Iorlnal  rdlcdancc.,  and n a Incasurc of surface s])ccularityc

l+;iglltcc]l  para]nctcrs  p~ = p/Sl )ltV~, with  S1 )1’;Vk tllc radar cross scctio]] cquivalult  of onc

s tandard  dcwiatioll  of rcccivcr IIoisc, gave illdc]m]dcllt  cstil~latm  of p for cacll frame (6).

‘1’lIcsc all(? n dcfiIIcd  19 IJllotol]!ctric  ImraIIIctcrs  p .

‘J’lIc  dy]lamica]  parameters illcludcd,  1$/1/, 1~/11, f’~~, 00, qb~, W“, aIId six rotational offsets

f o r  caclI frmllc:  A+k, AOk, AI)K, allcl AWI,, 1 < k < 18.  ‘J’IIc o f f s e t s  WCIC a d d e d  t o  t h e

t a l c . u l a t c d  l!ulcr  allglcs  al}d s])iIi  v e c t o r  ilI tJIIC illil  ial stap;cs of tllc  estilnatio]l. IVcak]y

wcip;lltiIlg  l~(r), tlIc  suIn  of t}lc squares of tllc  rotat ional  offsets , cl)al)lcd  a  ralldoIll  s])i]l

s tate  fro]]) fIal  IIc to frmnc, wl]ilc a strong  wciglltil)g  ft}rccd tll]c  of[sots toward zero aIld lIcIIcx:



cllforccd  coIIsistcl  Icy wit]] I;ulcr’s  cquatlio]ls,  a ])hysi<:al l[:(]llilcl))(llt,  o f  tlIc final ]IIodcl. \fVc

gradually illcrcascd ~1~ ullti]  tlIc  dyllaTnical ofl’sets wcl c olI tl]c  ordcl  of 10 or 1 O/day,  at wl)icll

]x)iIlt  wc set all of[scts  to zero. AdditioIlal  dyllalIli(  a l  parall]ctcls, A7~, Avk,  I < k < ] 8 ,

al lowed for corrcctiml  of LIIC observing c])hmncridm’

loc.atiolls  of ihc ccIIb of Inass  (C0h4) iIl C.NII fra,lnc.

l)rcdictioIls  [2] of tlIc delay-lloJ)])lcr

A(s)  ]wnalizcd dcviatio~l  of tllc cmntroid of tlIc slIzqw froll~  tllc  dy)]all~ical Coh4.  11(s, cl)

])cIlalizcd  dcviatiol]  of tlIc  il)cltia tmlsor  of tl]c slla])(~, colII})ut(xl assulnillg  ulliforlIl  dmlsity

(U])), fro]n  tl,c i],crtja lm,sor mm] to dcscribc  tl,c s~,il, s t a t e . Scttillg  /3~ and fi}l v e r y

large cllforc.cd collsistcllc.y  of tlIc  IIIodcl  with U]).  ‘J’llis  was ]Iot alI o priori rcquirclllcl]t,  but

tl~csc ]mla]ty  functions  let  us  tmt the lJI) }Iy})oth(sis. I f  Cllfolcillg C.ollsistcllcy  wit]] U])

sigllific.alltly  raised ~ 2 , t,lIc IIy}mtllcsis would l)c rcjm lcxl; ot}lcrwisc  it would rcl]laill  vial~lc.

‘J’lIc  fullctioli  C(s) ]mlalizcd surf  am collcavitics; scttillg  ~~: la] p,c forcxx] t,l Ic slla]w toward

col)vmitjy  and cl Isured  that  oIIly t,l Iosc

observed data wow al 10WCCI. 1 n deed wc

tllc lnodclml  delay-llop})]cr illlagcs  aIId

tllc scale of tl]e  data’s rcsolutio]]  (7).

rcatllrcs  l,lIal arc absolutely IIccdcd  to cx])laill tl)c

t o o k  @C; lar~’,c cIIouglI  tlIat it visil>ly sl]lc)otllccl  out

su]I])rcsscd  sonic a])])  :IIcIIi,ly  ma] toJmgra])l  Iy Iicar

1 May-] )o])])lcr radar ilnagc?  typically lIavc a  lar{’,c  dylialllic  IaIIF;c ,  al)d tlIc il]laging  gc-

olIlctry usually results j]l lImclI brighter pixc]s  IIcar t lIC lcadillg  CXlgI;c of tlIc  objcc,t.  ‘J]o Inorc

cquitdly  wcigllt  all rcF;ions  of tlIc  objcc.t  jll tlIc  fits, \vc a])])licd a ~,all)lna corrcctiml (8) with

~ =- ‘2 to obscrvccl  and ll-IOdClCd data  throughout  tl]c Cstilnat,ioll ])roccss.

111 tllc initial  fits wc f loa ted  tllc dialnctcrs and  loca t ions  o f  tlIc two (]mtjmltially  ovcl-

la])])i)lg)  s])llcrcs  along wit]] tllc  dyIlaInic.al and  ])ll(}tolnctric  })aI alllctcrs. ‘J’IIc s]lal)c was
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silnl]listic  aIId I}ot CXI)CCM to c.oIIcs]mId  to tlIc  aslmroicl’s  i]lcrtia  tcl Isor, so wc lef t  i t  dc-

coll~)lcd frolI)  tll IC dyl)alnica]  ])aralnctcrs. ‘J’llis  promss  rcsultml  ill alI iIll])rovcd solutiol]  for

cl. ‘1’lICII CWII SIJIICIC was rc])laccd  witll~  a s])l]crical }Iar]l](n)ic  st:rics  lImdcl a s  ill tlIc rccolI-

structicm o f  Castalia  (1 ) .  At first, low-rcsolutiml  slla]m II Iodcls WCIC  uscxl  a]ld LIIC ]mnalt,y

functions  were weakly wciglltcd. WlmI~ tlIc  s])ill  stat{: aIId sha])c  lIad cvold  sufficimltly  that

fcat,urcs  OII tJIC  orclc:r of tlIC s])atial  rcxo]ut,io])  of t}l( slla]x II Ioclcl wwm Imillg  fit tllwup;}lout

tllc ltlday Scqu(!llcx,

‘4’IICIW  arc cIIouglI

wc 1 novcd  to progmssivdy  10I I/I;CI  scri m.

pixc]s  i]] the data USC(1 lICIC lx) co))strai]l  IIIOIC

lml alnctcrs,  I)ut s])llcric.al  IIarlnollic, lIIodcIs txcx)]nc co]]]])~ltat,io]]:llly

tllall  a  fcw 111]1 Idrcd  cocflicic]lts. A f t e r  solving  fol a fcw lIUIICIMXI

tl]a]l a tlllousaIld sha])c

l)urdc]Iso]IIc  w’itll ]norc

])araIllctcrs, wc II IOVCd

to ])oly]Ic(lI.31 IIIOdCl  S dcfi IIcd by a set of ve.3ticcs l’~, 1 < i < AT, .gyou]md  into tri])lcs  to

dcfil Ic triangular surfac.c  facets (9). ltxact  closed-fm 111 cxl)lcssioIIs  mist for tllc  cclltroid and

illcrt}ia  tcllsor  of sucl I lIlodcls,  tlIcy  arc ]norc  cf[ic.iclll  to Ic31dcl  With laIgc IIulnl)cI’s  of sha])c

I)ara]llctcrs,  a]]d tlIcy  cal] dcsc.libc  al) arbitraly  clos(d slla])c.

Wc ])aralldmizd  tltc slla])c as a dcfor]ncd dlipsoid  v i a

Vi ~- ai ‘1 T:l.1, (3)
f

wllcrc  tllc ai were ~)oillt,s  OII all c]lipsoicl  (tllc incl tia ellipsoid of tllc  ])rcvious  best-fit IIIodcl)

and tllc t]; wcl’c tllc surface IlorJnals  of tlllat  ellipsoid. ‘J’lIC flee slia]w })aralllct,crs  ?’1 s~)ccificd

tllc clcviatioll  of tl]c  slla])c froln  this clli]m)id,  l{,c])lacillg  tlIc  lli w i th  tllc s u r f a c e  l)(m])als

o f  tl]c  Collvcrgcd  ]Ilodcl lcd t o  110 sig]lifica]]t clla])gc i]) tl]c  I(:{()]lst][]cti()]l,  su})~)orti]~g; our

i]ll])rcssiol] t}lat  this ])a]a])](:t(:]-izati[)]l  was suflicic]]l  ly gc]I(’ral.  \4~(: l)cg;a II wit]]  N  : 200
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vcrtic.cs  aIId illcrcascd N to 4 0 0 ,  8 0 0 ,  and filially  I 600, at cacl I stag;c allowi]lg  tlIc  fit to

coI Ivcrgc.  Ad di ii 01 I al VCI t i cm WCIC a d d e d  Ly rqmald]y  llalvill{~ tllIC slla])c’s lmlgmt  fad

cxlg;c; t]lis  ])mc.css  resulted ill a fairly  ullifcml] distrillutio]l  of vcrtim  over tllc surface. ‘J’l Ic

fiIIalfV= 1600 model (10) llas3196facctsw  llos(~a l(:lagcalt:ais(84  11 1) 2 .

SIIapc. l“igurc  1  SIIOWS  rmldcril)~s  c)f tllc ‘J’outatis lnmlcl  flolll six difTcrcllt view ]millts

and  with two difl’cmlt illumilla.tiol)  gcomctrics. I II ( A )  zcml)liasc  illulnillatiol]  (SOUICC  and

ollscrvcr cf~-located) slIows 1,1 Ic ovcra]l  sllal)c  and dill IcIIsioIIs, 2tIId i]) (1]) 1,1 Ic sOurcc is II Iovcd

75° toward LIIC! lx)]) of tlIc page to let  shadowing; cfl’m:ts  briIIg out details of surf  am features.

‘J’ltc Inodcl  IIas a volume of 7.67 km:{ and  a surface al~:a of 2?..5 I<lIIZ, wllic.11 is 19%0 larger tllall

tlhc surface area of a s])llcrc  of the sallw  voluInc. ‘1’IIc  volull  Ic dcfillcs  all cfl’cclivc dialllctcl

‘2.4:) k!]] (11).

A

11/11,

sil))})lc,  but, u se fu l ,  a])))loxiIllatioll  to ‘l’outalis)s  figulc  is aTI cllil)soid  for wllicll 1~/11,

and tllc volulnc  arc tllc sanlc as fo r  ‘1’outatis.  ‘J’llis  c]li]woid IIas o v e r a l l  dil]mlsiolls

(1 .70,2 .03,4 .’26) ,1 0.08 kin. ‘J’IIc ‘Lclyllalnical  clongatiol)” of ‘l’ou!atlis  is 4.’26/1 .70 = 2.51 d

0 . 1 5 .  ‘J’lIc  ratios of tllc lnaxil]lum  cxtclIt  of tlIc ac{ ual sllalm iII tllc  l ong-ax i s  dircctioIl  to

tllc  IIlaxil[lulll  cxtcllts  ;]! tlIc  slIort- and  illtclllmcliat< -axis dircctiolls,  4.60/1 .92: 2.40:1 0.13

f
al]cl 4.60/2.28 = 2.02 + 0.10,  dcscrit.w tllc astmoid’s  “physical cloIlgatioII.  ”

‘J’ouiatis  radar illlagcs  a]qwar bifu]catcd  ill CVCI y  fralllc (2),  and  a  IIatura] illfcrcllcc  ;s

that  tllc object is itself bifurcated ill soIIm sclIsc. ‘J’l Ic illtcl mediate- allcl  sllmt- axis views of

l~ig. 1 (A) lead us to ])crc.civc tllc slIa])c as consisting  of two IOIWS, wllic.11 wc lal)cl IJl al]d

1,2. I,o1>c 1,1 ac.coullts  for about 2/3 of tJIc ]ong axis dilImlsioll, 1,2 for almut  1 /3. JIow’ever,

with  U]) assu]ncd,  tjllc astlcro; d)s IIlass  dis t r ibut ion aloIIg tlIc 1011?,  axis is ]Iot bil[lodal  (1’’ig.



2).

‘.I ‘lIC most ]JrolIliIlcl)t features at (Illc several-} IIIrIc; lc{l-lIl(:tcl scale iltcludc  tl)c col)cavitics

labcl(!d  Cl, U? and C3 in IGg, 1 (l)). Cl and C2 arc tlIc lIIost c i rcu la r ,  aIld wc jdmltjfy  tlIcsc

as jlnpact  cratms. ‘J’llcjr  C1OSC ])roximity  al]d sjmilar diamdcm  (almut  750 In) arc i]]trigujl}g.

C3, wllicll cxtcllcls  over  Illost  of the lcngtlI  of 1,2, is Ims Cilcxllal  I)ut also Inay k alI ilnpad

st,rllctllrc.

‘J’l Ic lmttcrIi  of  r idges 1{1, 1{2, altd  1{3 domil]at{:  t}lc  mlicf jll SOIIIC views.  ‘J’IIc l a r g e s t

of tllcsc, 1{1, cxtcIIds about  1 kIII across 1,1 a n d  isoricl]tcd  Ilcarly  IIorInal ht}lcastcroid’s

long  axis.  ‘1’llisisfollowcc]  by a sllortcr  riclgc, l{2, cltmrtol J2. I’caturc 1{3 ap~mars,  i~l some

views, to bC all cxtcllsioll  of tllCstlLICtLlrCl{  l-1t2.

‘1’11c5(I0-111-cIcc1)  ‘( Ilcck” N cxtc]ldspa~t  wayaml~ld  tll(:tllt:( )])l)()sitcsidc()f  tllcastcroicl

froII] tlIc  structure 1{1-1/2-1/3,  dc~narcatil]g  1,1 aIId 1,2 in IIIaI/y views, ‘J’IIc corrcspo)lcling

al)lwal  allcc  of tllcsc features iIl the observed slid  II Iodclcd  delay-l)o~)plm ilnagm is SIIOWII  j])

IOg. 3 for five frall]cs.

‘J’IIc IIIodcl’s sc.attcring  law js llcarly  l,alnlm%all  (n L 2 . 3 : 1  0 . 5 ) . ‘J’liis  rcsu]t and  tllc

cxhocs’  polarization signature (2) ilnp]y  that ‘J’oulatis’s surface is very I’oug;}I  at Cln-to-in

Scak!s.
f

Sp in  S ta te . ‘J’cmtatis’  extraordinary rotation is s]wcificd  by tllc  followil]g initial  conditions.

‘J’IIc nlomCl)t  ratios arc wit})in 3% of 1~/11 = 3. I 9 a~)d Ii/l/  = 3.01. At io, tlIC ltulcr angle.s of

tl)c l)rillcilml  axes of illcrtja wit]] respect to cclil)tjc  coordinates were wjtllliI]  3° of q+, = - 103°,

00 : 94°, I/)(1  ‘ - 1 3 6 ° ,  wllilc  tllIC l)rojcctjol]  of Vi’0 along  tlIc (sl]ort,  illtcrIncdiatc,  lol Ig;)

~~rillcil)al  a,xcs was wit,hin 1° day- ] of (20°, 32°,980) day - ] .
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‘1’lIcsc cigllt  ]JaralrIcims  dcfiIIc t)hc cliJcctioII  of 1, as ccli])tic  loll~,itlldc - 3°, lfi(itudc - 53°.

‘1’llc f ac t  tha t  1,2/21;1/  = 0.55,  witl] l; tlIc  rotatio]~al  kil~dit:  cIIcrgy, i s  ICSS  tllall  ul)ity

idclltifics  t)lIC spil I state (3) as a “loIIg axis mmlc.’ W, iIl lmly-fixed coordillatm,  rotates

about  tlIc  loIIg ax i s  cvmy 1>1 = 5 . 4 1  d a y s ,  aIId during  this tiI])c  tlIc al)glc bctwmui  tllc  loIIg

axis and 1, varies twice hctwcc  HI 49° and 500. ‘J’lIC cx)lIll)lcte  llmtiol~ col)sists  of llol~lillcar

])cIio(licva liatiolls  Cvcry l’] su~m~)oscd  olI a

]“igum  4 shows lJIc rcumstructmcl  shape

at sjx-liour  t ime intcrva]s  bcgil)lljI)g  3 I)cc,

unifcmll  Iotatio]l  aljoul, 1, every 1~ z 7.35 days.

and  sj)ill  s t a t e  o f  Tbulatis  iIl aIl iIlcrtial  fralilc

1 9 9 2  al 18:00 U’J’C; tlIc  elltirc scqucIlc.c s])alls

7 .25  days .  ‘1’IIc view js fmn above the plaIIc  of tlIc ccli])tjc  aIId illuIniIlation  is ljrovjclcd

hy aIl ar t i f icial  sourm! 45° couIltcr-  clockwise! froln  t IIC to]) of t)lc  l)agc aIId 30° out of tl]c

~)agc toward i,lIc vjcwcr. ‘J’lIc lol Ig ax i s  IIIovcs froln  Imillg lIcarly  iIl t}Ic l)laIlc of tlIc ccliljtic

to Ilcarly  pcr])cmdicular  to it, aJId tllc  l ong-ax i s  ori[lltatioll  (O, ~) alInost  rclmats  after t,lIc

7 . 2 5  d a y s .  IIowcvcr,  tllc oriclltatioll  of tJIc lmcly al)out  tl~c lonr;  axis (~~) is quit,c dif~crcllt

I)ctwc(:ll  tlIc begil)Ilillg  and clId of this scqucllcc,  (l(:I]lo]lstratliIl{~  lIow t]lc coIn])lctc  IIwtio~l of

tl~c objmt  is not ~)crjodic  (12).

Note tlIc  si]l)ilarity  bctwccvl tlIc I)cc.  2 and I)cc.  13 delay-lh~l~)lcl j]llagcs jll Fig.  3. ‘J’l]is

lnca])s  tl)at 011 cacll date: 1 ) t)tc  oric])tatiml  of W wit]] rcsl)cct  to t}Ic asteroid was l]carly

tllc  sal[m,  and 2) IIcarly  tlIc  salnc rcgioll  o f  tllc sur(am was visil)]c. Collditioll  1 occurred

bccausc  the = 1 0.5-day intcrva]  bctwccll  tllcsc  jlna~,cx  is Ilcarly  21’I; a coJnl~illatioll of tlIc

object’s rot,atiol]  aJ]d Inorc tllaJl 1000 of pla~)c-of-sky (1’ OS) JJ)otioll  I) IOCIUCCX1 co]lditio  Il 2.

‘1’lIc (Iclay-l)o])p]cr  l)rojcc,tiol~  is iJlvariaIlt,  wit]]  rios~mc,t  to a Iotatioll  of t,lIc ob jec t / s l ) i I~

st,atc  almlltl  t]lc  radar ], OS. IIowcvcr,  1’OS JIlot,ioIl  call break t,llis  allll)i~;uity,  aIId for ‘J)outat,is
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t]Ic ]’OS  II IOLiOII was JIIOL’C tlIaII  1 ()(1° du!’illg  Ltlc ] 8 t~ays of radar {Jl)scrvatiol~s.  IIcrc t]Ic ]cast

squa Ics solutioIl  is scllsitivc to all s~)iII stall(~  ~)aI’aIIIt:tcrs, alId rotatlillg  tllc  initial  col)ditiol)s

almui tl~e 1,OS at to ]) IOCIUCCS a lmor  fit. Nollctllclcss,  it is dcsiral)lc  to lIavc illdc]m}dcl]t,

])ost-ll)c)clc!lillg,  col)firlnatiol]  of tl)c Inodcl)s  ])rcx{ict,ioll  of tlIc l)O S  oriclltaliolt.

@I 17 I)cc.  at about  7:25 (J’JIC, tJIc V e r y  l,arg( Array (V1,A)  acllicvcd 1’0!3 resolution

of ‘J’outatis  CC]IOCS of a (loldstoIIc  tIallslI]ission  (1 3). A]t]lout;ll  tlI(: rcsolutio  Il of 0.2 arcscc,

cquivalcllt  to 10 k~n at tlIc  astmoid, did ]Iot Icsolvc  t,l Ic ol)jcct,  aII clollgatioll  at a ])ositioll

al]g;lc of about  - 61° w a s  rcvcalccl  ill tllc difl’crcncc bctwcmt  t}l(:  il]laF;c  aIIcl  a l)oillt sourm

Inoclcl. 1~’igum  5(A)  SIIOW’S OUI II IOdCl)S l)rmlictioIl  for ‘1’outatis’s  oliclltat,io]l  during; tlIc  tiIllc

o f  t]lis  Obscl’vat;  o]l; t h e  ]inc Iullni]lg;  throug]]  t]Ic II Iodc] is t]lc (;oldstoI)c-Vl,A  prcdictiol].

‘1’llis  olmrvatio]l  was fortunate to catc}l  ‘J’outatis at a tillw lvl)cl]  its lo]lg axis was Ilcarly

])araJlcl to LIIC ])lallc  of the sky.

‘J’l]c IIuljblc  Space  ‘J’elcsco}m (J IS’J’) iIlla~cd  ‘J’ouhtis  011 10 1 k. al)out 18:40 lJ’J’  WIICII

tlm Slll~-’J’(~tltatis-ltartll allglc  was about 90”. ]Inagc  pixc]s subicIIdcd  92(;  III OII tllc  a s t e ro id

(0 .0439  arcscc), a,)d  tl,c l~M~llM of tl,c core of tl]c ],oi~,t s,,rcad fu]lctio],  was 0.0’70 arcscc,

cxmm})olldil~g to a rcsolutio]l  of 1 . 4 8  kII~ at ‘J’outatis. Fig. 5 (11) slIows o u r  ])rcdictecl

al)pcarallcc  of ‘J’outatis; IJig. $ (C)  slIows tlIc  salI]c v i e w w’itll  a ])ixcl size of 453 II] for

cx)]ll~)arisoll  witli  l’ig.  4 of Nell ci al. (14). ‘J’IIc mldcrcd  II Iodcl, wit))  a lnaxil  Imln dilnmlsiol)

of 2.2 k]]), is co~lsistm)t  with tlIosc  autl]ors’  st,atclncllt  that t,llc illul[]i]latcd,  visible a.rca was

Inost lilicly ill tlIc  ~al~gc froIn  1.7 to 2.4 kill. ” N o ] ]  Ci al.  alsc)  illtcr])rctcd tllc  11S’1’ d a t a

as sug;~;csti  Ilg aIl ‘(cxtmldcd  feature at al) aII~lc of al)out  45° O(I’ ~lIc solar vector, ” Ivllicll  is

illdic.a.tcd  by tlic lillc  tllrougl]  Y’ig,  5 (~)). l$ig. 5 (}1) s) Iows that tl)is  a])])aw]]t  cloI]gatioIl  w a s
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due to tltc ullusua]  shalw of ‘1’m]tatis  alId sliadowi  Ilg (flee.ts tirisillr, frol Il tlIc Ia.rg;c illulIlillatioll

al]glc.

Aftm having estimated botlI  the shape alId tllc  sj)iII  state of ‘I but,atis, it was a])])arcnt

tllatl  Ijllc cniirc  surface of ‘1’outatis  was olmmwd  by the 18 radar itnaf;cx. ‘J’llcleforc, 110 area

of our Jnodcl  is ullcxnlstraincd.  h40rcovcr,  sillc.c  ‘1’outatis  is a ill’A  Iotator,  t,llc clltirc illcrtia

tcIIsor  ( t o  wit,liill  a Cmlstallt  fachr) is  obscrvab]c. ]Iccausc of tlIcsc  two facts wc w o u l d

CXpCC.tf  t ha t ,  as c]iscusscd  above, m~forc.inga  111) l]y~)otllcsis  tlIIouglI  ])cllaltyf~lIlctiolls  would

])rovidc  a ])owcrful  test of IIomogcllcity. PVc illvcstigatcd  this ~jossil)i]ity  at several stages

b y  rclllovillg  tllc dynall)iczd

sig;llificalltj  cllangc occurred

~mlaltics wllicll c o u p l e  tlIc  ilicrtia tcIIsor  al]d tlIc  slIapc.  N o

ill the fit. ‘1’llat  is, c\idcJlcc  fol  a IIollulliforln  d i s t r i bu t ion  o f

clcl~sity  is la.c.killg.  Ap])arcnlt]y  cit]lcr  ‘J’outatis  is JICXU]Y ]IC)IIIop;CII(: OIIs, ” or its illlloJllogc~lcitics

Inilnic  tllc illcrtia  tmlsor  of a }IoInogcIIcous  l)oc]y.

IIiscussion. ‘1’ltc shapes allcl  s])i~] states of astjm)ids  arc hclicvcd  to lx l)riInarily  tllc ~)rod-

ucts of violcllt  collisiollal  histories. l~or tltc great lnajoritjy  of a s t e ro ids  it is thougl]t  t ha t

~allll)jllF,  of N]JA tO ]’A rotatioJl OC.CU1s  at. t i m e  sca]cs JIIIJCII sllortcr t}lall  tll)c  IIlcall  t i m e

Lctwccn  collisiolls.  ‘1’hcrcforc, whereas violclli  COI1 isiolls  would Im cx]mctcd  to ])roducc  NI)A

rotat ion,  it is not sur~)rising;  t,;at liglltcul  vcs for several lIuIIcllcd  asteroids ovcrwllclming]y

indicate l lA rotatio]l.  l]UC to its very S1 OW rotati{m, the daln])illg  time si.alc for ‘1’out,atis  i s

bclicvcd  to lx orclcrs  of magnitude grcatxv tlIaII tlIc age of tlIc  solar systcm (1 5), so ‘J’ouiatis

l)rovidcs  a rcmarkahly well-])rcscrvcd relic of a c.ollisioJ~-ill(i(lcc(l  spill state.

‘1’t]c source  of ‘J’outatis’ to]~ogral)llic  I)ifurcati(lll  is a IIIyStCI y. Illilikc  (;astalia,  ‘1’outatis’s

S]la~)(! dOCS ]]ot evoke a “colltac+ binaly”  (or]fig;~l~i;ti{)l). 011 lIIC otllcr IIalld, it SCCIIIS  unlikely
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(l,Ut CCl12tilll~  llOt ilI,])OSSil,lC) t,llat fCiitlllC! N COllld lltiVC l)CCII scul])tcd  l)y a direct il]lpac.t.

Sill] ilarly,  it is IIOt clear what scqucIIce  of illlpacts  Il]iglit  I)c Ics]mIIsil~lc  for tllc 1{1-1{2-1{3

structure.  otllcr  pertinent qucstio]ls  i]lvolv[:  tl]c  i]]l])lic.atiol]s  of sulfacc  to])og;ra])l]y  for tllc

askroid’s  illtcr]lal cxnlfiguratio]),  cog., for it’s collcsivcf]cxs (16). (;ollisiollal  sil~tulatiorls  usi]]g

tllc  ‘~ ’outlatis  lnodc]  lnay resolve tlIcsc  issues.

IPu]ly  dcslilcarcd,  IIigll-lcsc)llltioll  ilnagcs  fmn tlIc  1992  radar cx]millmlt  should  su~)]mrt

IImdclillg  w i t h  a]] ordm d Inagnitudc  IIIOIC s h a p e  paraIIlct~ls tlllall  Us(:(l ll~r~~  all~l  tllc 1’~-

sultil]g  {illc  IIlol])l]ologic;ll”  detail available slIould  slIcd cvmi lnorc lip;llt  01) ‘l’outlatis)  geology.

Givcll  rccmlt spacecra f t  slid  radar results ,  it is quitlc c.]cal tlIat tllc  slla]ws al)d s])ill s t a t e s

of asteroids arc strange and variegated,  plcsull)aj)ly  tlIc outcoIllcs o f  collisio]]al ]JIWCCSSCS

t]]at rclnail)  ImoJ]y  understood (17).  As t]lc  C.o]]mtiml  c~f detailed s]la}m  II Iodc]s coIltinucs

to grow,  wcc.all cx])cct  colill]lcIls~lratcil  ll]JlovcIllc]lt  ill ou r  llll(icIstaT](liIlg  of tllc  ])]lysicsof

tllcscfasc.illatillg  slllall worlds.

t
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11.1’11’’l’;lll’lN~l~S  AN I ) NO’J’I’;S

1{.. S. ]]udso])  and  S. J. ostro,  ,$ci(:ncc 263,  940 (1994).

S. J. Ostro C{ al., sllblnittcd  for publicat ion.

1,. 1). l,mldau  aIId 1). M. l,ifsllitz,  Mechanics  (1’cIgaIIIoII  I’MWS, NW York, 1976),  clla])

6; N. 11. Salnarasjl]lla  and M. II’. A’llcarII.  lmrus 93, 194 (1991); hfl. J. S. IIcltoll, W.

11. Juliwl,  A. J. AI~dcrsoII,  11. I;. A. hlucllcr.  ]carus 93, 183 (1991).

lbr (~oldstollc  tllc tral]slnittm frcqumlcy  and  ]vavclcligtll  w e r e  Jhx = 8510 hlllz,  A =

3 . 5 2  an; for Arccilm t h e y  w e r e  lbx = 2380 Mllz, ~ E 1?.6 CIII. ‘I)llc ra~lial Velocity

equivalent  of 1 IIz is (A/2)  see- ].

‘J’IIc radar cross  scctiol]  of a surface clclnm}t oi area dS is o = 00 dS.

‘J’lIc  p~ cx]JIms tl~e  rcflcct,ancc  i]) ulijls  of stall  dad deviat ions of  rcccivcr  ]loisc. (;ali-

Lratjol]  of tlIc  Sl)llV~ at a future date lnay  allow p to bc cx])rcsscd  i]) akolutc  u]lits.

Our ratio]lalc for being very cw]scrvativc  with /3c is tlIc cxistmlc.c  of lligllc]-rcst)l~ltio]l

in)agcs  that place several tilncs  as really  pixels 011 ‘J’olltatis  ~S ~lIOSC USCC~ jl~ ~lIC PICSCII~

lnodclillg  ~)roccss. ‘l’lloscfdata  will provide tllc  Inost  CfrCC.tiv C co]lshaint)s  011 the sub-

lIIIII(ll(:d-IIlctcr  scale stmcturc  of tllc surface. Y e t ,  tllc  lJmI)cr  dcslncarillg  of tllosc

in)a8cs  required tJIc ~OM loc.a.tjolls

]nodc]  dcscrjbcd ill this paper is all

modclillg.

8. ‘J’llis is equivalent to rc])lacillg  ca.ch

froIIl t}Ic stdutioll  Ic])ol tcd lIcrc. III that SCIISC,  t h e

initial  coIlditioIl  for sulmqucllt,  }Iigllf!l-rcsollltioll

l)ixcl  valu~:  by its square root,.
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9. 1 ) .  llcan]  mld h!l. 1’. IIa,kcr,  Gxnpufct  Graphics  (1’rcllticc  IIall, II]]glcwood  ~lifls, N J ,

cd.  2, 1 9 9 4 ) ,  C h a p .  10.

10. lncrcasillg  N Lcyo)]d 1600 did not ap])rccjablj’  i]npmvc the fits.

J 1. ‘1’llmllal  lnodclillg  by v a r i o u s  rcscarclicrs  IIatl sup;gcstml  cffcctiw dialnctcrs lxtwIcclI

2.0 aIId 3.0 k)n. 11. J. ‘J’llolc]l,  l~zdl. Amer. A.<t?. Sm. 24, 934 (1992); 11. II’. l,u])isllko,

S. V.  Vasjlycv,  Ju. S. YXi]nov, N. M. Sllakllovskoj,  lcarus 113,  200 (1 995).

12.  J ,  IL. SIxmccr  ci al., lcarus (j]] ~)rcss ), attc,nl)ttxl to dcducc Ll,c s~)in ~)criod of ‘J’out,atis

frolll  ol)tic.al liglltcurvcs  ulldcr  tlIc assulnl)tio]l  of I’A rot,atioll. ‘J’llcy foul]d a best fit

for 1’ =-- 7.25 days, but concluded fro]]] the ])oor fit that  tllc rotation was l)rolmbly

colnplicatcd.  Fro]!]  l“ig. 4  it al)~)cars  that  tll(ir analysis idmltificd  t})c quasi-]  )criodic

orimltation  of Ll)c lo])g axis. l~ai]urc of tl)c  lightcurvcs  to dis~)lay truly ]miodic I)cllavior

is due to tlIc illcc)l~llll(:ll  sllraljility  of +, 0, md ;’).

13. 1. de l’atcr cl al., ]carus 111, 489 (1994) .  See l~ig. l?b.

14. ]<. S. Nell, 11. A. Weaver, A, ]). Sto]rs,  ]]. ~C]~llC1’, ]coru.~ ~ ] ~, 353 (1995).

15. A. W. IIarris. ]carus 107, 209 (1994); J. A. llIIrJIS aIId V. S. SafroIlov,  Mon. No/.  1/.
(

Asiron.  So[:. 165, 403 (1 973).

1 (i. W. 1~. IIot,tkc,  Jr., aJId J. J, Mc]osl],  l,unar }’1OILC1  Sci. L’o?If.  Ahdr. 26, 153 (1 995).

17. 1{. 1{. IIOUSCJI allcl  K. A. llolsa~)p]c,  lcorus 84, 226 (1990).

18. l’art of this rcscarcl]  was conducted at the Jc( l’ropulsiol]  laboratory,  (3alifor1)ia  III-

stjtut,c  o f  ‘J’ccll]]o]ogy,  u]ldcr  c.ol]tract  wit]) tilt National Acrollautics  and S~]acc  Ad-
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nlillis(,ratioli (NASA).  \l~oIk at M~asllillF,toll  $tatc lJII

NASA.

1 (i

vcrsil,y was Sul)])ortcd  ill ])art, l)y
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1<

2<

34

4.

rd

1+’IG’UI{I’I  l,l’X;II; NI)S

( A )  lb]dcri~lgs of t,),c ‘Ibutatis IIIodcl fro]], lint,},  dircctiol)s  o,) tllc!  IOllg,  snort, and

intjcrllmliatcs  axes (left,, ccIItcr,  right colu II II Is). ‘1’11(’ ]):IJ at tllc U])])cr ICft i s  1  klI)

1011$ l,abcls [Icllc)t(:  sllrfac.c fclzltll]cs(  liscllss((l  ill tllctcxt.  Sourcca]td  olxs(!rvcr  arc

cx-lomt  cd. (1]) Sallm as (A) but tlIc sou Icc of illu]lli]latioll  is II IOVCCI 75° towards  tllc

to}) of tllc]mgc.  ljall)lxrtjiall  sct(ttt:IiI]g,isllscfl  ill all rclldcrillp;s.

Ooss scdimal arm vs.

f.;{istalialllcl[lcl(l).  I“OJ

]msitiolI  0]) long axis  for’J’ou(fatis  IrIodcl  a])d tlIclo\vcI-l)oIIIIcl

col]ll)arisoll,  hot]] l)lo[lcls~  ~’clcll o]lllalizc  (l” Loul]it volu]]ma]ld

urlit  loIIg axis lcl Igt}I. (Jivcl) uzliforll]  dcllsity,  tllc curves }vould also corrcs]m]td  to l]~ass

dist,ributio~].

(Ibscrvcd and l]]odclcd  delay-] kq)])lcr  i]nagcs  for five dat(:s. }{csidua]s (difr(:lCllCC  o f

observed aTId IIIo(lclcd  data) l)avc  Im(nt scald III) to usc  all 11](: available dyllaltiic raIIgc,

1 ,abcls concspond to features i]) l~ig. 1.

‘J’outatis  slIa]X  .311d spill state rmldcrcd  at six }lour intervals  I)cg;illllillg  3 I)cc.  ] 992,

18 :00  U’J’C a~ld illcr~asillp;  left t,o right,, to]) to bottolTi. ltaclI row s])alls  two clays; tl]c

tot al sequcv Icc covers ‘i’ .2.!) days. ‘J’}Ic lmr at tllc lower ICft is 1 1<]]1 loTIg. ‘1’l]c view is

looking  south  along  t,l]c ccli])tic  ~)olc wit]l the vcrlla]  cquillox  to tllc  right.  A]] a r t i f i c i a l

sourc.c is locatmd 45° coulltm cloc){wisc  froln  tllc to]) a]ld 30° out, of tllc ]mge.

(A) ‘1’outatis IIKK{C1  at 17 lkc. 1992,7:25 lJrl’C wit], zero-],l,asc illu]ni])atio],.  North

is II]). ‘1’]Ic ]il}~  IMMSCS  ~]lJOll~]l  t]lc  (;0h4  and  is t~lc (;oldstoIlc-\~l,A  I)rcdictiol!  (] 3) o f

‘1’outatis’s clollgat,iol~  at tl~at t,i])]c. (11) ‘J)outalis lIIodcl  a t  1 ( I  ])cc.  1!192,  18:40 wit],



Col’rt:ct  solar illulllil]atioll. NoJtl]  i s  1 1 2 . 8 ’) cl(,ckwisc  fro]]l u]). (C) SaIIlc as (Ij) l)ut

wit]] 453111 l)ixcls. ‘I’l]clillc  j)ass(:s  tlllc)llg}l  tllc(X)M aJId co]rcs~m]ds  totl]ca])])zllcllt

cloll~;atio]]  ofrJ’outatis  ill llS’J’i]na~;m  (14) .
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